Abstract The study addresses three main questions: (1) Does the magnitude of the grasping force affect the prehension synergies, i.e., conjoint changes of finger forces and moments? (2) Do individual finger forces scale with the total grasping forces ('scale-invariance hypothesis')? (3) How specification of the grasping force magnitude affects the inverse optimization of digit forces. Subjects (n = 7) grasped with minimal force an instrumented handle and maintained it at rest in the air. Then, the subjects doubled the initial grasping force. The forces and moments exerted by individual digits were recorded with six-component sensors. External torques that the subjects should resist (9 in total) varied among the trials from 0 to 0.46 Nm both in clockwise and counterclockwise directions. After the force doubling, the moments of the normal forces (M n ) increased in the pronation effort tasks (PR-tasks) and decreased in the supination effort tasks (SU-tasks). The changes in the moments of the tangential forces (M t ) were opposite to the M n changes; the moments increased in the SU-tasks and decreased in the PR-tasks. The opposite effects of force doubling on the M t s in the SU-tasks and PR-tasks were a consequence of the unidirectional changes of the thumb tangential forces: in all the tasks the contribution of the thumb tangential force to the total tangential force increased after the grasping force doubling (and the total contribution of the four fingers decreased). The decrease of the virtual finger (VF) tangential force was mainly due to the decrease of the index finger force (VF is an imagined finger that exerts the same force and moment as all the fingers together). In the non-zero torque tasks the individual finger forces did not scale proportionally with the grasping force, the sharing percentage of the individual finger forces in the VF normal force changed with the grasping force increase. The root mean square differences between the actual finger sharing percentages in the VF force and the sharing percentages predicted from optimization procedures in which different cost functions were used were in all cases smaller after the doubling than before the doubling. Hence the answers to the three questions formulated above are: (1) the alteration of the grasping force magnitude induces complex coordinated changes of all digit forces and moments; (2) the scale invariance hypothesis is confirmed only for the zero-torque tasks and rejected for the non-zero tasks, and (3) the specification of the grasping force magnitude at the level of twice the initial grasping force-which essentially restricts the control task to the object tilt prevention-improves the accuracy of the employed optimization procedures.
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Introduction
In this study, subjects grasped with a minimal force an instrumented handle and kept it at rest in the air; then they doubled the grasping force while still maintaining the handle at rest. The study is motivated by three considerations.
When people manipulate hand-held objects, for instance, to keep an object at rest in the air, the performers distribute the digital normal and tangential forces to satisfy the task requirements. Because the number of degrees of freedom of the object, totally six, is smaller than the degrees of freedom of a five-digit hand, the task is mechanically redundant, i.e., the same task can be performed by various combinations of the digit forces and moments Latash 2008) . In spite of the task redundancy, similar prehension tasks are performed by people more or less similarly . Still some inter-individual differences exist. In particular, the performers grasp the object with different forces; they may share individual digit forces in their own way, etc. . This may happen due to many reasons (e.g., different understanding of the instruction, different sensitivity of skin receptors, different skin friction, etc). We leave, however, these questions for the future and are interested in this study in the following question: does the magnitude of the grasping force affect the prehension synergies, i.e., conjoint changes of finger forces and moments?
It has been reported in the literature that human performers alter the magnitude of the total force produced by several contributing elements by scaling the forces generated by the individual elements. If the direction of the total force is constant but the magnitude is scaled, the contributing forces as well as muscle activations also scale (the socalled 'scale invariance '-Pan et al. 2005) . The examples are: (a) the total grasping force in multi-finger grasping: at any combination of friction values at the individual fingertip-object contacts the performers select a certain 'template' of digit forces and then scale it linearly with the weight of the hand-held object (Niu et al. 2007 ), (b) static arm force generation of different magnitude at various force directions and arm postures (Pan et al. 2005) , (c) four-finger ramp force production (Li et al. 1998), (d) isometric contractions of human elbow muscles (Buchanan et al. 1986) , and (e) the voluntary force production by the index finger (Valero-Cuevas 2000) . In (d) and (e) the contributing muscles and their relative activity did not change with the force magnitude. The force was controlled by scaling the magnitude of a constant coordination pattern. However, it was hypothesized (Niu et al. 2007 ) that scaling of a certain template is not a universal mechanism of force control. In particular this mechanism is only valid for prehension tasks with zero moment production. The second goal of the present study was to test this hypothesis. For experimental analysis of this problem, we selected a task of doubling the total grasping force while preserving the orientation of the object in space. This task required the subjects to keep the total moment of force constant while the moment produced by the normal (grasping) force could change if properly balanced by changes in the moment of the tangential forces. The scaling of the finger normal forces in the non-zero torque prehension tasks would change the moment of the normal forces exerted on the object and hence may lead to the object rotation. This option, however, does not discard completely the finger force scaling as a feasible mechanism of the total force control. The moment of the normal forces can be negated by generating an opposite moment of tangential forces (Zatsiorsky et al. 2002a, b) . Hence, the scaling of the normal forces is still a viable strategy of grip force control (provided that the tilt prevention is achieved by the concomitant adjustments of the tangential forces). Due to the mechanical redundancy, the pattern of force adjustments after the total force doubling-(a) scaling the normal finger forces with concomitant adjustments of the tangential forces to maintain the total moment constant, or (b) the coordinated changes of the normal forces to maintain the moment of the normal forces constant-cannot be immediately predicted from the mechanical analysis and should be established experimentally. Hence, the second goal of the present study was to test the 'scale invariance' hypothesis, whether the pattern (a) above is valid. Note that in the prehension tasks, the scale invariance hypothesis can be valid only for the normal finger forces. If the finger force vectors do not change their direction, the tangential forces will increase with the rise of the normal forces and the object equilibrium will be broken; the object will accelerate in the vertical direction.
An additional goal of the study was to explore effects of the grasping force specification on the inverse optimization of digit forces in grasping. This aspect of research requires a special explanation. Because people perform similar tasks, e.g., walking or grasping, more or less similarly and in a certain sense efficiently, it is commonly accepted that the central controller selects a movement pattern or force distribution pattern optimally by minimizing a certain cost function(s) (for reviews see Crowninshield and Brand 1981; Tsirakos et al. 1997; Engelbrecht 2001; Erdemir et al. 2007) . For the human prehension several probable cost functions have been explored (Hershkovitz et al. 1995 (Hershkovitz et al. , 1997 Zatsiorsky et al. 2002b ) with some of the functions borrowed from robotic research on grasping (Hershkovitz et al. 1995; Salunkhe et al. 1998; Buss et al. 1996) . Since the pioneering study of Nubar and Contini (1961) the main idea behind the employed cost functions was that a certain measure of muscular effort is minimized, e.g., the sum of squared muscle moments of force (Nubar and Contini 1961) , the weighted norm of the joint torque vector (Baud-Bovy et al. 2005) ; the sum of the cubed muscle stresses (Crowninshield 1978; Stokes and Gardner-Morse 2001) , 'global muscular effort', i.e., the sum of squared values of the muscle forces normalized with respect to their maximal magnitudes (Chalfoun et al. 2004) , overall maximum tendon stress (Fowler and Nicol 2000) , sum of muscle stresses squared (Brook et al. 1995) , an entropy-like function that assumes a minimal value when the total force generated by several fingers is distributed equally among the fingers (Hershkovitz et al. 1995 (Hershkovitz et al. , 1997 , the strain energy of the soft finger pad tissue (Pataky 2005) , and the central neural commands that take into account the finger interdependence (Zatsiorsky et al. 2002a, b) . For instance, a reasonable candidate for the cost function in prehension may be a particular function of digit forces, such as their Eucledian norm or the sum of the cubed values, either absolute (in newtons) or relative (in %% of the maximal force), etc. All of these functions are based on an assumption that prehension is optimal or close to optimal if the exerted forces are either minimal or are at least small.
Differently from the earlier studies on the finger force optimization in multi-finger prehension (Zatsiorsky et al. 2002a, b; Pataky et al. 2004a, b; Aoki et al. 2007) , in the present experiment the total normal force exerted by the digits was prescribed (twice the magnitude observed during a comfortable ''minimum effort'' grasp). Hence, after force doubling the total grasping force was not an optimized variable anymore; it was an optimization constraint. We were interested in knowing how this modification affects optimization results, specifically we explored the ability of the various cost functions to predict finger forces in multifinger prehension. While this question may give the impression of being 'pure technical', i.e., related more to mathematical method of optimization itself than to the issues of motor control, there is also a significant motor control aspect here.
According to the principle of superposition the control of multi-finger prehension can be viewed as a superposition of two independent synergies controlling the grasping force ('slip prevention synergy)' and the orientation of the object (''tilt prevention synergy''), respectively ). An optimization procedure when the grasping force is not specified should satisfy the two above requirements, i.e., to prevent both the slip and the tilt. After the grasping force doubling the slip prevention is not a problem anymore, and the force optimization is restricted only by the necessity to prevent object tilt.
Methods

Subjects
Seven male subjects participated in the experiment (age 27.7 ± 2.2 years, weight 69.8 ± 8.5 kg, height 1.77 ± 0.08 m, hand length from the middle fingertip to the distal crease of the wrist with hand extended 18.8 ± 1.3 cm, hand width at the MCP level with hand extended 9.1 ± 0.9 cm). The subjects were all right-hand dominant and had no history of neuropathy or trauma to their upper limbs. All subjects gave informed consent according to the policies of the Office for Research Protections of The Pennsylvania State University.
Apparatus
Five six-component force/moment transducers (Nano-17, ATI Industrial Automation, Garner, NC, USA) were mounted on an aluminum handle at the bottom of which a horizontal aluminum bar was attached (70 cm long, Fig. 1a ). An air bubble level was positioned at the top of the handle to help the subjects keep the handle vertical. The level (diameter 32 mm) included a central circle (diameter 15 mm) and an air bubble (diameter 5 mm) in the enclosed liquid. If the bubble was within the central circle, the trial was accepted by the researcher; otherwise the trial was repeated. We found that when the moment of force exerted by the subject was within ±40 Nmm (0.04 Nm) of the target level, the bubble was at the edge of the central circle. Four transducers were used to measure forces and moments of force applied by the fingers, and the fifth transducer measured the force and moment of force produced by the thumb. The centers of all five sensors were in one plane (the grasp plane).
The distance between two finger sensors was 2.6 cm, and the thumb sensor was positioned across the midpoint between the centers of the middle and ring finger sensors. The combined mass of the handle, sensors, and the bar was 415 g. During the experiments, a 160 g load was attached at different points along the bar. The load suspension at different locations generated nine external torques: 0.14, 0.23, 0.28 and 0.46 Nm clockwise and counterclockwise, as well as a zero torque. In the ensuing text and figures, the external torques 0. 46, 0.28, 0.23, 0.14, 0, -0.14, -0.23, -0.28 and -0.46 Nm are designated as L4, L3, L2, L1, Mi, R1, R2, R3, and R4, respectively. The designations represent the position of the load along the bar on the left (L) or on the right (R) from the handle. Since in the Li tasks (i = 1, 2, 3, 4) the handle tilt was prevented by supination efforts, these tasks were called ''Supination Effort Tasks'' (SU-tasks). The Ri tasks were called ''Pronation Effort Tasks'' (PR-tasks). In the finger arrangement shown in Fig. 1a , two fingers (the index and middle) are located above the thumb and the other two fingers (the ring and little) are located below the thumb. These finger pairs exert moments of force in the opposite directions with respect to the thumb as a pivot. If in a given task the moments generated by individual finger(s) force resist external torque, i.e., they prevent the handle tilt, the fingers will be called moment agonists, if the moments assist external torque, i.e., the effect of their action is opposite to the task requirement, the corresponding fingers will be called moment antagonists (Zatsiorsky et al. 2002a ).
Experimental procedure
Before the experiment, subjects were given an orientation session to familiarize themselves with the experimental tasks and apparatus. Then, subjects washed their hands to normalize skin condition.
The subject sat in a chair with the right upper arm positioned at approximately 45°abduction in the frontal plane and 30°flexion in the sagittal plane. The elbow joint was flexed approximately 90°. The forearm was pronated 90°such that the hand was in a natural grasping position. A computer monitor located in front of the subject showed the total normal force exerted by the subject on the handle. The subjects were coached to keep the handle vertically by looking quickly at the bubble level located at the top of the handle while mainly watching the monitor. Each trial in the experiment consisted of two stages: grasping with natural force (4 s) and doubling grasping force (16 s). The target for the force doubling was presented as the horizontal line on the force-time graph (Fig. 1c) .
Subjects were instructed to take the handle from the rack and keep the handle vertically and statically in the air by monitoring the air bubble level. When the handle was stabilized and natural grasping force was applied by the subject, the trial would start. In the first 4 s, the total normal force was collected and averaged. From the fifth second, a target line at the double force value of the average force of the first 4 s was demonstrated on the screen. The instruction from the investigator to the subject was: ''Keep the handle vertical but match the target line by increasing the gripping force''. After the data collection in a trial stopped, the subjects placed the handle back on the rack and took a 60-s break. The investigator would change the location of the load along the bar, and informed the The order of external torques was randomized. Three trials were conducted for each torque combination. Each trial took 20 s. At least 1-min breaks were provided between two consecutive tasks. The total duration of each experiment was approximately 1 h.
Data analysis
Software written in LabVIEW (National Instruments, NC, USA) was used to convert digital signals into the force and moment of force values. Data processing was performed using Matlab software package (Mathworks, Inc., Natick, MA, USA). The raw force/moment data were filtered with a third-order, zero-lag Butterworth low-pass filter at 10 Hz.
In further text, symbols m and f designate a digit moment of force and force, respectively. Subscript i refers to the ith digit, such as the thumb (th), index (in), middle (mi), ring (r) and little finger (l). Subscript VF is for the virtual finger. A virtual finger (VF) is an imagined finger that exerts the same force and moment as all the fingers together (Arbib et al. 1985; Iberall 1987; Santello and Soechting 1997; Baud-Bovy and Soechting 2001) . Superscripts x, y, or z represent the axes with respect to which the force or moment were determined. In the transducer-fixed reference system, forces normal to the transducer surface corresponded to the z-direction f z . In this experiment, f z was oriented horizontally. At equilibrium states, the tangential force acted in the vertical direction f y . The digit contacts with the sensors were modeled as the soft-finger-contacts (Murray et al. 1994) ; in particular rolling and deforming the fingertips were allowed. The vertical coordinates (y) of the digit force application with respect to the sensor center were computed as
x is the moment of the ith digit with respect to x-axis (horizontal axis), f i z is the force of the ith digit in the z-direction (Fig. 1b) .
The vertical coordinate of the point of VF normal force application with respect to the point of application of the thumb force was determined based on the theorem of moments as
where Y i is the vertical coordinate of the force application point of finger i. Y i equals the algebraic sum of (1) the vertical coordinate of the sensor center in the handle fixed reference system (e.g., 15 mm for the index finger and -15 for the middle finger), (2) the displacement of the point of application of the thumb force with respect to the center of the thumb sensor, and (3) y i , the displacement of the application point of the finger i's normal force with respect to the sensor center. In the following Y vf will be referred to as the moment arm of the VF normal force. f vf n is the sum of the normal forces produced by the four fingers. Note that a capital letter, such as Y, is used to designate a coordinate in the handle fixed reference system, while the lowercase letter like y designates the coordinate with respect to the center of a sensor.
At the VF level, the moment of normal forces M n and the moment of the tangential forces M t were computed. The moment of normal forces was computed as M n = f vf n 9 Y vf , and the moment of tangential forces was computed as M t = (f vf t -f th t )w/2, where w is the width of the handle (60 mm). M n is the moment produced by the force couple consisting of the thumb and VF normal forces. Because the moment of a couple is a free moment, M n can be added to M t to obtain the total moment exerted by the subject. Upward tangential forces, the thumb normal forces, and the counterclockwise moments were defined as positive.
Synergy definition
The following operational definitions of the normal force synergy (grasping synergy), tangential force synergy and the moment-of-force synergy are adopted in this study: a. Normal force synergy is defined as co-variation of the normal forces of the thumb and VF that satisfies the equation:
b. Tangential force synergy is defined as co-variation of the tangential forces of the thumb and VF that satisfies the equation:
where Load is the total weight of the object; F Load = 5.83 N in this study. c. Moment of force synergy is defined as co-variation of the moments produced by the normal and tangential forces that satisfies the equation:
where M tot , M n , M t are the total moment of force, moment of normal forces and moment of tangential forces exerted by the subjects, respectively.
Note that the term 'synergy' in the present context refers to the co-variations of forces that satisfy the above equations not to the equations themselves. The finger forces are not constant. They vary (in the trial, among the trials, etc). Some of these variations break the object equilibrium while others are coordinated in such a way that the equilibrium is preserved. The term 'synergy' refers to the second type of co-variation only (for a more detailed analysis of the concept of synergy see Latash et al. 2007; Latash 2008) .
Statistical analysis
All the data were averaged over the three trials at each condition. ANOVA and MANOVA with and without repeated measures and paired Student's t tests were used. Significant effects were further explored using Tukey's pair-wise comparisons. The data were checked for sphericity in the repeated measures ANOVA test. When the requirements for the sphericity of the repeated measure ANOVA test were violated (which happened only in two of 17 RM-ANOVA tests), the degrees of freedom were corrected with the Greenhouse-Geisser method. The significance level was set as 0.05. Statistical analyses were performed in the statistics toolbox of Minitab 13.0 (Minitab Inc., State College, PA, USA) and SPSS (SPSS Inc., Chicago, IL, USA).
Accuracy of the data
To check the data for accuracy, the following comparisons have been regularly performed for all trials: (a) the normal forces of the thumb and VF at equilibrium should add up to zero; (b) the total tangential force at equilibrium should equal the weight of the object; (c) the total moment of force should counterbalance the external torque; (d) the total normal force (the sum of the magnitudes of all digit normal forces) is doubled in the second experiment stage. To visualize whether the requirements were satisfied the force polygons were drawn (Fig. 1d) . The equilibrium requirements were satisfied with high accuracy: the maximum standard deviation of the difference between the VF and thumb normal forces among all subjects across the tasks were below 0.24 N before and after the doubling (which simply indicates that the handle was not oscillating in the horizontal direction). The maximum standard deviations of the vertical component of the total force applied to the handle among all subjects were below 0.04 N before and after the doubling (hence the handle did not oscillate significantly in the vertical direction either). Small deviations between the computed values of the total moment of force and the external torque have been observed (Fig. 2) . With the exception of the L4 task, the deviation did not exceed 0.015 Nm which is a very small number. The largest deviation (0.034 Nm, or 7.3% of the target moment) occurred in L4 which is the most difficult supination task. Since the little finger which is the main torque agonist in this task is the weakest among all fingers and not as dexterous as index finger, it was difficult for the subjects to perform the task accurately. The observed discrepancies did not distort the general tendencies of the findings and were neglected in the future analysis.
Optimization
We used three objective functions that were employed previously to study multi-finger prehension in human performers (Hershkovitz et al. 1995 (Hershkovitz et al. , 1997 Zatsiorsky et al. 2002b; Pataky et al. 2004a, b) . The necessary equality and inequality constraints on the digit forces, similar to the used in the above mentioned papers, were incorporated into the optimization procedures. The optimization computations were performed twice, for the data before and after the force doubling. The optimization before the doubling treated the total normal force (defined above) as an optimized variable while in the optimization procedure employed for the post-doubling data the total normal force (the grasping force) was treated as an equality constraint. In the both cases, the constraints formed convex regions. Because the optimization functions are also convex, the optimal solutions were unique. 1. Energy-like function over F t and F n . This measure is proportional to the potential energy of deformation for a linear, e.g., Hookian, system (Hershkovitz et al. 1997) .
where F i n and F i t are individual finger's normal and tangential forces, respectively. Although F1 explicitly addresses only external contact forces, this function has been proposed to be related to minimization of muscular effort (Hershkovitz et al. 1995 (Hershkovitz et al. , 1997 . 2. Cubic norm function over F n :
This function was selected because of two reasons. First, it has been proposed that the tangential digit forces F t are passive consequences of external loading and the selected F n , i.e., that the CNS is concerned only with the F n coordination (Pataky et al. 2004b ). Thus, the inclusion of only F n in a cost function is appropriate. Secondly, when a quadratic function over F n similar to F1 was used in the optimization procedure the differences between the application of F1 and this quadratic function practically did exist. Based on that we decided to employ the cubic norm function F2. A similar cubic function was used in prehension tasks previously and was shown to yield better results than several other cost functions (Zatsiorsky et al. 2002b ). 3. Entropy-like function F3. Since it is conceivable that the CNS prefers to spread efforts as evenly as possible among redundant effectors, the entropy-motivated measure:
was introduced by Hershkovitz et al. (1995 Hershkovitz et al. ( , 1997 . The equation has the similar format as the entropy function in the theory of information. It reflects the uniformity of the contact forces of fingers.
The optimal solutions were solved by applying the nonlinear multivariate function ''fmincon'' from Matlab's optimization tool box (Mathworks Inc.). The quality of the optimization results was estimated by the root mean square (RMS) differences between the actual finger sharing percentages in VF and the sharing percentages predicted from optimization.
Results
Experimental results
We describe first the results at the VF level and then at the individual finger level.
The VF level
To maintain the rotational equilibrium the total moment exerted by the performer on the handle should not change after the force doubling. There are many ways of doing so. In particular, this can be achieved by maintaining the same magnitudes of the moment of normal forces M n and the moment of the tangential forces M t after the force doubling as before the doubling. To maintain the M n constant after the VF force doubling the moment arm of the VF normal force should decrease to 0.5 of the moment arm before the doubling. The experimental findings are shown in Fig. 3 .
The t tests performed separately for the PR-tasks or SUtasks confirmed that the obtained ratios 'moment arm after force doubling/moment arm prior to the doubling' were different from the 'gold standard' value of 0.5. In particular, in the SU-tasks the ratios in all cases were \0.4 (i.e., smaller than 0.5; p \ 0.05), while in the PR-tasks the ratios were [0.6 (i.e., larger than 0.5, p \ 0.05).
Because according to the instruction the grasping force doubled, the deviation of the ratios from 0.5 indicated that the moments of the normal forces changed after the force doubling. The changes were, however, different for the SU and PR: the M n magnitudes decreased in the supination tasks and increased in the pronation tasks, Fig. 4 . Two-way repeated measure ANOVA showed that the factors force, torque, and the force 9 torque interaction affected significantly (p \ 0.001) the M n magnitude. Note that in this analysis the factor torque represents both the changes in the torque direction and the torque magnitude. The ANOVA was also performed separately for the supination and pronation effort tasks (the torque factor in this case represented only the torque magnitude and had 4 levels). In the latter analysis, instead of the M n magnitude the contribution of M n into the total moment was considered. The effect of force was significant in both the SU-and the PR-tasks (p \ 0.001) while the effects of torque and force 9 torque interaction did not reach the level of statistical significance. Hence, the M n changes were asymmetric, i.e., they were different for the supination and pronation tasks. The contribution of M n into total moment was dependent on the torque direction but not on the torque magnitude.
Reported effects on the moments of normal forces were complemented by the opposite changes of the moments of tangential forces M t , Fig. 5 . The contribution increased in the supination tasks and it decreased in pronation tasks.
The opposite effects on the supination and pronation M t moments were a consequence of the unidirectional changes of the thumb tangential forces: in all the tasks the contribution of the thumb tangential force to the total tangential force increased after the doubling, Fig. 6 . Two-way repeated measure ANOVA showed that the factors force, torque, and the force 9 torque interaction affected significantly the thumb tangential force (all p \ 0.001). Because the total tangential force was constant across the tasks, the thumb tangential force increase was accompanied by the equal decrease of the VF tangential forces. As a result, the difference between the thumb and VF tangential forces changed across the tasks, and hence in accordance with Eq. 3 the moment of tangential forces also changed. The increase of the thumb tangential force (with simultaneous decrease of the VF force) resulted in the mentioned increase of the M t in the supination tasks and its decrease in pronation tasks (Fig. 5) .
On the whole, the doubling of the grasping force induced interrelated changes of (a) the moment arms of the VF-thumb normal force couple, (b) the thumb and VF tangential forces that were different in the supination and pronation effort tasks, and (c) the contribution of the moments of the normal and tangential forces into the total moment exerted by the subjects, Fig. 7 . After the doubling this contribution (which can be approximately estimated from the slopes of the regression equations) was different for the supination and pronation tasks.
Individual finger forces
We describe first the observed adjustments of the normal forces, and then the tangential forces.
Normal finger forces Only in the Mi task (zero torque) the grasping force doubling was achieved by doubling the Effect of the grasping force doubling on the relative contribution of the thumb tangential force into the total tangential force, %. Group averages and standard errors. Note that the total tangential force equaled the supported load and hence remained constant across the tasks. Note also that in the tasks with the large supination efforts (L4), the entire handle weight was supported by the thumb individual finger forces (approximately): the ratio 'finger force after the doubling/finger force before the doubling' was close to 200% for all the fingers. To test whether the individual finger force after the doubling differed statistically significantly from twice the value of the force before doubling a one-way repeated measure ANOVA with the factor force (2 levels) was performed for each finger separately. To perform the analysis the finger forces recorded before the doubling were initially multiplied by 2. The effect of force was not significant (p [ 0.9 in all four cases). In other words, in the zero torque (Mi) task the total force increase was achieved by proportional scaling of the individual finger forces.
In the non-zero torque tasks, the ratio 'finger force after the doubling/finger force before the doubling' depended both on the finger and its function in the task, i.e., on whether the finger served as a moment agonist or antagonist (Fig. 8) . Two-way ANOVA with the factors 'finger' (4 levels) and 'agonist/antagonist' (2 levels) confirmed that the both effects were significant (finger: F (3,184) = 44.64, p \ 0.001; agonist/antagonist: F (1,184) = 125.68, p \ 0.001; interaction of the two factors: F (3,184) = 14.59, p \ 0.001). The same was true for the factor interaction.
When the fingers, especially the index and little fingers, worked as moment antagonists, i.e., they assisted external torque and hence generated a moment of force that was acting against the moment required by the task, their normal forces increased much more than in the tasks where these fingers serve as torque agonists. For instance, in the supination effort tasks, where the index finger exerted a moment of force on the object in pronation, the finger increased its force production after the VF force doubling on average up to 800%. In the pronation effort tasks the corresponding force increase was less than 200%. For the little finger, in the pronation effort tasks the force increased up to 400%. The effects of the finger function (torque agonist vs. torque antagonist) on the middle and especially the ring finger forces were less striking. For the ring finger, the force after the grasping force doubling was close to 200%, although even for this finger the difference between the pronation effort tasks (the force was above 200% in all of them) and the supination tasks (the force was below 200% in all of them) is evident, see Fig. 8 .
Because in the non-zero torque tasks the individual finger forces did not scale proportionally with the scaling of the grasping force, the sharing percentage of the individual finger forces in the VF normal force changed with the grasping force increase (Fig. 9) . For the index and little fingers that are the main torque producers, the changes were uniform: when fingers served as torque antagonists their contribution to the VF force increased and when they served as torque agonists the contribution decreased. Similar tendencies-but with some exceptions-were also observed for the middle and ring fingers.
To estimate the effects of such factors as force and torque magnitude on the contribution of individual fingers into the VF normal force (% of the VF force, Fig. 9 ), a twoway repeated measures MANOVA was performed separately for the SU and PR tasks. The significant effects of force on the sharing percentages would indicate that after the force doubling the sharing percentages change, i.e., the individual finger forces do not scale proportionally with the grasping force. The percentage contribution of the index, ring, and little fingers into the VF normal force was analyzed. To avoid redundancy, the middle finger was not included in this analysis; the sum of all four finger force contribution is evidently 100% and the middle finger sharing percentage completely depends on the sum of sharing percentages of the other three fingers. Overall significance was assessed using Wilks' Lambda criterion. In the SU tasks, the effects of force and torque magnitude were both significant (p = 0.03 and 0.023, respectively) while their interaction was not significant (p = 0.085). In the PR tasks, the effect of FORCE was significant (p = 0.045), while torque magnitude and the interaction effects were not significant (p = 0.165 and 0.075, respectively). Overall, in the non-zero torque tasks the individual finger forces do not scale proportionally with increase of the VF force.
Tangential digit forces As it was described in the previous sections, the grasping force doubling was accompanied by the increase of the thumb tangential force and the concomitant decrease of the VF tangential force such that the total force acting on the object in the vertical direction stayed constant. The decrease of the VF tangential force was achieved mainly by the decrease of the tangential force exerted by the index finger (Fig. 10) . Paired Student's t tests showed that the thumb, ring and little finger's tangential forces increased (p \ 0.001 in each case); index and middle finger's tangential force decreased (p \ 0.001 in each case). Similarly to the analysis performed on the normal digit forces, an RM-MANOVA for overall test and RM-ANOVAs for individual fingers were employed on the changes of tangential digit forces. The factors were torque direction and torque magnitude. In the RM-MANOVA test, torque magnitude effect was significant (p \ 0.001), but Fig. 9 The sharing % of the total normal finger force (the VF force) among the individual fingers before and after the grasping force doubling in different tasks. Group averages an standard errors. a, b, c, d correspond to index, middle, ring and little fingers, respectively the effects of torque direction and the interaction were not significant (p = 0.125 and 0.531, respectively). The RM-ANOVA results are shown in Table 1 .
Statistically significant effects of torque magnitude on all digits except ring finger were observed, i.e., the changes of tangential forces after doubling were distinct for different torque magnitudes. The RM-ANOVAs confirmed that torque direction (SU and PR tasks) does not influence the changes of tangential forces after doubling.
Optimization results
The optimization results after the force doubling were more accurate than the results before the doubling: the RMS differences between the actual finger sharing percentages in VF and the sharing percentages in VF predicted from optimization procedures were in all 12 cases smaller after the doubling than before the doubling (Fig. 11) . Before doubling, the group average RMS was 9.7%, and after doubling the average RMS was 5.5%. While this conclusion is rather subjective, the prediction accuracy of 5.5% may be considered not a bad fit for an optimization procedure. The average RMSs for different objective functions are 5.2, 6.4 and 4.9%, respectively. The values are close to each other and based on the results obtained so far, we cannot claim one of the objective functions can predict the forces better than others. Three-way ANOVA was performed to inspect the effects of force (2 levels: before doubling and after doubling), finger (4 levels) and function (3 levels) on the RMS values. Only the main effect of force was significant (p = 0.002) while the other two factors had no significant effects (p [ 0.05 for each).
Discussion
We limit the discussion to the following issues: (a) maintaining the object equilibrium, (b) active versus passive tangential force generation, (c) scaling the total force, (d) effect of grasping force magnitude on the finger force pattern, (e) optimization results and their meaning for the motor control of multi-finger prehension. The items (c)-(e) answer the main questions of this study formulated in the beginning of the paper, while items (a) and (b) address some complementary issues that are, however, necessary to discuss the main results.
Maintaining object equilibrium: mechanically necessitated and mechanically non-necessitated adjustments In order to maintain M n at the same level after the force doubling as before the doubling the normal force changes ('deltas') should generate a zero moment. This never happened, M n s after the doubling differed systematically from the moment values prior to the doubling (Fig. 4) . Hence, the central controller did not solve the problem of rotational equilibrium by adjusting only the normal finger forces (which is mechanically possible); rather it preferred to prevent object tilting by simultaneous adjustments of both the normal and tangential forces. Once again, an old adage of N. Bernstein (1961, p. 69) is confirmed: ''Movements react to changes in one single detail with changes in a whole series of others which are sometimes very far removed from the former both in space and in time…'' Such changes can be mechanically necessary, that is to say the equilibrium could not be maintained without them, or they represented a choice made by the central controller, that is other force and moment adjustments could also maintain the object equilibrium, but the central controller preferred the observed solutions over other Brain Res (2009) 194:115-129 125 possible ones. The mechanically necessitated adjustments can be traced as the so-called chain effects, i.e., the causeeffect relation between the involved variables ).
The following chain effects can be traced in the observed data: (1) The VF force doubling was associated with a change of the moment arm of the VF-thumb force couple by a ratio other than 0.5, which was necessary to maintain the M n constant; the ratio was larger than 0.5 for all pronation effort tasks and it was below 0.5 for all supination effort tasks, see Fig. 3 (the reason for such coordinated changes is not known). (2) The above changes of the moment arm resulted in the change of moment of the normal forces M n . (3) To compensate for the changes of the M n the moment of the tangential forces M changed by an equal magnitude in the opposite direction. (4) The changes of M t -its decrease in the pronation effort tasks and increase in the supination tasks-was due to an increase of the thumb tangential force and an equal decrease of the VF tangential force in all the tasks. The adjustments from stage (1) to stage (4) were all mechanically necessitated. However, the reported decrease of the index finger tangential force after the grasping force doubling does not represent a mechanical requirement, it is a choice made by the central controller. Hence the force/ moment adjustments made by the central controller to maintain the object equilibrium were only in part mechanically necessitated; other part represents the choices made by the central controller (e.g., specific changes of the VF moment arm in the pronation and supination effort tasks, the change of the VF tangential due mainly to the contribution of the index finger force, etc). Also, the percentage distribution of the total moment among the M n and M t (Fig. 7) is not mechanically necessitated (see Zatsiorsky et al. 2002a for the discussion). Note that the mechanically non-necessitated adjustments (those that represent a choice made by the central controller) are highly reproducible among the subjects. This consistency points toward using How are the finger tangential forces generated?
In contemporary artificial hands, both in robotics and prosthetics, the MCP joints are simple hinges that can resist tangential forces but cannot exert them (Mason and Salisbury 1985) . In people, the MCP joints have two degrees of freedom; the moments at these joints can be exerted both in the flexion-extension and ab/adduction planes. However, to which extent this option used during multi prehension is still an object of discussion and intensive research (Pataky et al. 2004c ). The passive mechanical properties of the fingers, such as stiffness of the finger tips in the tangential direction (Nakazawa et al. 2000) , the tangential stiffness at the DIP and PIP joints , etc., allow for providing sufficiently large resistance to the external tangential forces. The task of force sharing is mechanically redundant (one force should be distributed among the four fingers) and hence cannot be immediately determined from equations of statics. However, if the resistance is provided passively, the knowledge of the finger tangential stiffness would allow for determining the force sharing among the fingers: the sharing would be in proportion to the finger stiffness (Pataky et al. 2004c; Shim et al. 2004) . The data obtained in this paper definitely indicate that the finger tangential forces are generated actively: in particular, the substantial changes of the index finger tangential force observed after the grasping force doubling cannot be explained by the passive mechanical properties of the fingers. After the doubling, the index finger either generated an adduction effort in downward direction (this action can be achieved by activation of the first palmar interosseous) thus decreasing the magnitude of the VF tangential force exerted on the handle, either the finger provided a smaller resistance to the externally applied tangential load due to partial relaxation of the intrinsic muscles controlling the finger efforts in abduction, e.g., the abductor indicis. It is presently unknown which of the above mechanisms, the first ('active') or the second ('passive'), comes about. An EMG recording is necessary to answer this question. Disregarding the mechanism of the index finger tangential force control, the bare fact that the index finger behavior plays such an important role in the VF tangential force control deserves attention.
Force scaling
One of the goals of the present study was to test whether the individual finger forces scale with the total force magnitude. The scale invariance was found in several studies in which the objects of research were different: (a) digit forces (Niu et al. 2007 ), (b) human elbow muscles (Buchanan et al. 1986 ), (c) muscles of the index finger (Valero-Cuevas 2000) and (d) static arm force generation (Pan et al. 2005) . In all these cases the relative activity of the contributing elements (digits, muscles) did not change with the total force magnitude. However, for the prehension tasks it was hypothesized that this mechanism is only valid when zero moment production is required (Niu et al. 2007) . The study present study confirms this hypothesis: the individual digit forces scaled with the total force magnitude, i.e., doubled, only in the Mi task when the torque on the object was zero. Hence the scale invariance is not a general law of motor control; it is valid only for some tasks. It is still possible that the scale invariance control is used when the forces are applied to fixed objects, such as in studies (b) and (c) above.
Effect of grasping force magnitude on the finger force pattern
The total force doubling induced changes both in the percentage sharing of the total VF force among individual fingers (Fig. 8 ) and in the tangential forces exerted by individual fingers (Fig. 10) . Hence, in the present study the pattern of finger forces in grasping, i.e., their relative values, depended on the grasping force magnitude. It is well established that people with the decreased sensitivity of the digits grasp the objects stronger than the young healthy performers. This is valid for patients with some neurological disorders (Gordon and Duff 1999; Babin-Ratté et al. 1999; Hermsdorfer et al. 1999; Serrien and Wiesendanger 1999; Fellows et al. 1998 Fellows et al. , 2001 Nowak and Hermsdorfer 2005) , seniors (Vandervoort et al. 1986; Kinoshita and Francis 1996; Cole and Rotella 2002) , and healthy subjects whose finger sensitivity was intentionally decreased by cold application (Nowak and Hermsdorfer 2003) or digital anesthesia (Nowak et al. 2001) . Unfortunately none of these studies was performed on the multifinger grasping. Hence, it remain unknown whether in the mentioned populations and conditions the performers change not only the grasping force magnitude but also the relative values of the contributing digit forces, the force sharing pattern.
Optimization
When optimization methods were employed to study the finger forces before and after the VF force doubling, an important difference between these two situations was that in the first case the optimization procedure had to satisfy the requirement of both the slip and tilt prevention while in the second case only the tilt prevention requirement had to be satisfied. The differences between the optimization results in terms of their accuracy, i.e., the RMS values of the differences between the actual and predicted finger forces, were in favor of the second case, the accuracy of optimization was better after force doubling. This fact can be explained by pure technical aspects of the optimization methods, converting one of the variables (the total force exerted on the object) from the optimized variable to the task constraint may affect the optimization result. However, the finding also agrees with the previously published data that the slip prevention and tilt prevention requirements cause additive effects on the finger forces and suggests that the slip prevention and tilt prevention can be parts of different cost functions. We hypothesize that a correct way of employing the optimization methods for studying multi-finger is to use a multicriterial optimization with one criterion related to securing slip prevention and another one to satisfying the rotational equilibrium requirements. We are presently preparing an experiment in which this hypothesis will be tested.
We acknowledge a delimitation of this study. Comparing the data before and after the doubling in the present experiment involved implicit manipulation of two task characteristics: the force magnitude and the force magnitude specification. That is, the force magnitude before the doubling was freely determined by the performer while the force magnitude after the doubling was prescribed. To determine the sole effect of each of these manipulations a two-stage experiment should be performed. During the first stage the grasping force should be specified at some initial level, and during the second stage, it should be specified at the doubled force value. We are going to perform such an experiment in near future.''
